We have investigated the transport and magnetotransport properties in Fe/MgO multilayers around the Fe percolation threshold as a function of the temperature and the nominal thickness of iron layer ͑t͒. Electrical resistivity measurements allowed us to disclose the charge transport mechanisms involved, which are closely related to the degree of discontinuity in the Fe layers. The samples with Fe thickness below percolation threshold ͑t ϳ 0.8 nm͒ exhibit isotropic magnetoresistance ͑MR͒, which can be understood considering spin-polarized electron tunneling between nanometer-sized, superparamagnetic Fe grains. The MR ratio increases with decreasing temperature from ϳ3% at room temperature to ϳ10% at 30 K. The temperature dependence of MR can be explained satisfactorily in terms of a modified Mitani's model. © 2010 American Institute of Physics. ͓doi:10.1063/1.3298504͔
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A new generation of devices combining the advantages of semiconductor electronics with spin-dependent transport is emerging as a consequence of the strong potential for magnetoelectronic applications, such as storage media, sensors, and potentiometers. 1 The interest in the development of these spintronic devices inspired the search for new materials in the nanometric length scale, where the magnetic and transport properties differ substantially from those of the bulk. Among them we can mention granular cermets-in which nanometer-sized magnetic metallic particles are embedded in an insulating matrix.
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Discontinuous metal-insulator multilayers ͑DMIMs͒ are a special kind of granular cermets where the metallic particles are located not randomly but in layers, and this arrangement causes the enhancement of the low-field dependence and relatively high magnetoresistance ͑MR͒ ratios at room temperature. 6 DMIMs are easier to prepare than planar, epitaxial magnetic tunnel junctions ͑MTJs͒ showing huge MR values, 7, 8 but strongly reduced by structural defects at interfaces. 9, 10 The physical principle that underlies the MR in both cases is a spin-dependent electric charge transfer between two magnetized electrodes or grains via tunneling effect. 11, 12 This effect is called tunneling MR ͑TMR͒, and the tunneling probability depends on the relative orientation of magnetization of the electrodes or grains. 13 Experimentally TMR ratios up to 180% in fully epitaxial Fe͑001͒/ MgO͑001͒/Fe͑001͒ junction were found at room temperature, 7 and first-principles calculations predict even higher values. 14 Despite extensive research on planar Fe/ MgO/Fe MTJs, little attention has been paid to Fe/MgO granular cermets. 15, 16 In this paper we present our results on the magnetotransport properties of Fe/MgO DMIMs prepared by pulsed laser deposition ͑PLD͒.
Polycrystalline ͓Fe͑t͒ / MgO͑3 nm͔͒ N multilayers with 0.4 nmՅ t Յ 1.5 nm were deposited by PLD on glass substrates. The preparation procedure was reported in detail elsewhere. 16 Electrical resistance and MR measurements were carried out using the four-point method in the temperature range 30-295 K and in-plane applied magnetic field ͑H͒ up to 18 kOe. Two different configurations of H with respect to current-in-plane ͑I͒ were studied: ͑1͒ H parallel to I ͑L-geometry͒ and ͑2͒ H perpendicular to I ͑T-geometry͒. The MR ratio is defined as MR= ͓͑H͒ − ͑0͔͒ / ͑0͒, where ͑H͒ and ͑0͒ are the resistivities of the film in magnetic field and at the demagnetized state, respectively.
It was found 16 that the morphology of Fe layers evolves from a continuous film to a set of grains through percolation structures with decreasing t. Magnetization measurements show that multilayers with t Ն 0.81 nm are ferromagnetic, while those with t Յ 0.61 nm are superparamagnetic. The fit of the magnetization by using weighted Langevin functions and an approach of log-normal distribution of spherical particles reveals that average size for the superparamagnetic grains increases with t from Ϸ1.6 nm ͑t = 0.4 nm͒ to Ϸ2.8 nm ͑t = 0.61 nm͒. These data are in good agreement with direct transmission electron microscopy ͑TEM͒ observations. 16 Moreover a decrease in the saturation magnetization ͑M s ͒ associated with formation of an ultrathin Feoxide shell was found. 16 The dependence of the electrical resistivity ͑͒ versus t at room temperature ͑not shown͒ presents a sharp increase from = 1540 ⍀ cm for t = 0.81, to = 2.42ϫ 10 6 ⍀ cm for t = 0.61 nm, suggesting a transition from a continuous to a discontinuous structure of the Fe layer and consequently a change in the transport mechanism, from metallic to tunneling conductance, respectively. This was directly confirmed by the temperature dependence of the resistivity, as shown below. The resistivity of the films with continuous Fe layers is higher than that of the bulk Fe ͑222 ⍀ cm for t = 1.5 nm and 9.7 ⍀ cm for bulk Fe͒. This effect has been attributed to the thickness confinement effects associated with the decrease in the electron mean free path and surface scattering in thin films. 17, 18 The temperature dependence of for two samples with t Յ 0.61 nm is shown in Fig. 1 . The exponential law = 0 exp͓2͑C / k B T͒ 1/2 ͔ characteristic of thermally assisted tunneling conductance in granular cermets 3 is held. Here 0 is the resistivity at infinite temperature, C is an effective activation energy defined as C =2sE c , where = ͑2m ‫ء‬ ប 2 ͒ 1/2 , = U − E F is the effective barrier height, m ‫ء‬ is the effective mass of electrons, s is the mean separation of Fe particles, E c is the energy necessary to generate a pair of neighboring charged grains during tunneling process, and k B is Boltzmann's constant. The value of C increases with decreasing t as C Ϸ 34 meV for t = 0.61 nm and C Ϸ 270 meV for t = 0.53 nm. This is due to the decrease of the Fe particle size and increase in barrier thickness. As a first approximation it is possible to estimate the average interparticle separation ͑s͒-to-diameter ͑d͒ ratio using relation
where e is the electron charge and = 9.7 the dielectric constant of MgO. The values of d were obtained from fitting of magnetization loops 16 as 2.2 and 2.8 nm for t = 0.53 and t = 0.61 nm, respectively. If we take =1 Å −1 , 3, 6 the estimation using these parameters gives the average values s Ϸ 2.1 and s Ϸ 1.1 nm, respectively. These values are smaller than the nominal MgO thickness between adjacent Fe layers ͑3 nm͒. Thus, we propose that tunneling takes place along the chains of Fe granules within the same layer. It should be noted that although this approach is very rough as it does not take into account the particle size distribution, high order tunneling processes and the fact that dielectric constant in thin film could be different from the bulk, it gives a reasonable estimation of the s values that correlates with direct TEM observations. 16 The room temperature MR for several thicknesses is presented in Fig. 2 . For t Յ 0.61 nm, the resistivity of the film decreases with increasing field and cannot be saturated at 18 kOe ͓Fig. 2͑a͔͒. This is the typical behavior for TMR effect in granular cermets. 5 The absolute value of TMR at 18 kOe increases with t from 1.5% ͑t = 0.53 nm͒ to 3.3% ͑t = 0.61 nm͒, which is associated with the increase of particle size and decrease of interparticle distance. 19, 20 We notice that the TMR ratios at room temperature are markedly reduced in comparison with the reported values for epitaxial Fe͑001͒/ MgO͑001͒/Fe͑001͒ MTJs ͑Ref. 7͒ because the polycrystalline nature of our samples ͑seen in TEM images 16 ͒ prevents the huge TMR values associated with band symmetry filtering occurring in epitaxial junctions. Furthermore, it is well known 21 that in continuous ferromagnetic films the MR in L-geometry is positive and saturates at low fields. This type of behavior was found in the samples with t Ն 0.81 nm ͓see Fig. 2͑b͔͒ .
The temperature dependence of TMR in granular cermets can be explained using the model of Mitani et al. 22 This model takes into account higher-order processes of spindependent tunneling between large granules through intervening small ones with strong Coulomb blockade. In this case, for small values of P 2 ͑P is spin polarization of tunneling electrons͒ the temperature dependence of TMR could be approximated by expression TMR= −P + ͱ B / T͒exp͑−k B T / E mr ͒, and can be reduced to TMR Ϸ −P 2 m 2 exp͑−k B T / E mr ͒ outside the Coulomb blockade regime, where k B T Ͼ E c . The experimental dependence of TMR versus temperature for the sample with t = 0.61 nm was fitted using this formula ͑Fig. 3͒. The values for m 2 were taken from magnetization results reported earlier for the same sample. 16 The best fit was achieved using P = 0.336Ϯ 0.002 and E mr / k B = 474Ϯ 19 K. These values are similar to those derived for Fe-Al 2 O 3 granular cermets ͑P = 0.375 and E mr / k B = 270 K͒. 23 The dramatic increase of TMR at low T characteristic of insulating granular systems [22] [23] [24] has not been observed in our samples due to their high resistance below 30 K ͑R Ͼ 3 G ⍀͒.
The values of spin polarization for ferromagnetic nanogranules structures derived in our work and those published earlier [22] [23] [24] are low compared with the corresponding bulk metals ͑P = 0.44 in the case of Fe, Ref. 25͒. This reduction can be explained taking into account formation of a thin FeO x layer on the surface of the grains. For Fe-based granular systems the presence of a FeO x layer causes the reduction of magnetic moment per Fe atom and leads to increase in the coercive field at low temperature. 26 Similar effect was observed in our films. 16 DMIMs. 28 Most probably, these Fe ions contribute to the depolarization of the tunneling electrons due to spin-flip scattering events. 28 In summary, we have shown that electrical transport in Fe͑t͒/MgO͑3 nm͒ multilayers depends critically on the structure of the Fe films, being governed by metallic conduction for continuous Fe layers ͑t Ն 0.81 nm͒ and by spindependent tunneling between Fe grains in the case of discontinuous layers ͑t Ͻ 0.81 nm͒. The obtained TMR ratios at room temperature are the highest reported up to date in Fe/ MgO DMIMs. Modifications of technological process and improvement of the DMIM structure can increase the TMR values, as preliminary results obtained by using MgO͑001͒ substrates confirm ͑not shown here͒. The thermal dependence of TMR was satisfactorily explained using a modified Mitani's model, based on the occurrence of spin-flip scattering processes affecting the electrons involved in spindependent tunneling, considering a decrease of the spin polarization due to the presence of a FeO x shell surrounding Fe particles. 
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